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We have carried out detailed analyses of Drosophila P-transposon-homologous Pdre elements in zebrafish (Danio rerio) and present a model
to explain the evolutionary origin of the complete and terminally truncated copies. Analysis of the most complex terminally truncated element led
to the identification of novel DNA transposons, referred to as demio, hexi, and lady elements. We also show that the existence of a P-homologous
stable gene can be explained in two ways: it is a P-transposon source gene, and insertion into or recombination with another transposon can lead to
mobilization by recruitment of structures necessary for transposition (known as the source gene hypothesis), or it is the result of a domestication
event involving a P transposon (domestication hypothesis). Our results indicate that both scenarios are possible and that they reflect different
stages of the P-element life cycle.
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gaster owing to their ability to induce hybrid dysgenesis [1] and
were later detected in many other dipteran species [2]. Complete
Drosophila P elements are about 3 kb and consist of four exons,
three introns, and noncoding terminal regions containing
subterminal inverted repeats (STIRs) and ending in terminal
inverted repeats (TIRs). Transposition of P elements occurs by a
cut-and-paste mechanism that generates 8-bp target-site dupli-
cations (TSDs). The four exons encode two different proteins,
which are produced by differential splicing of the primary
transcript [3]. The 86-kDa transposase contains the information
from all four exons andmediates transposition in germ-line cells.
A second 66-kDa protein, which is translated from a mRNA
containing the third intron, acts as a repressor of P-element
transposition in somatic cells [4]. In addition to full-length
Pelements, internally deleted copiesof nonautonomous elements
were found in the genomes ofD. melanogaster and several other
drosophilids. Analysis of the P-element distribution pattern and⁎ Corresponding author. Fax: +43 1 4277 Ext. 60690.
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doi:10.1016/j.ygeno.2006.06.010sequence comparisons between different P-element subfamilies
revealed that the interspecific distribution of P-element
sequences, as well as their sequence relationships, is not in
accordance with the phylogeny of their host species [2]. This led
to the conclusion that P elements not only are inherited vertically
but also canbe transmittedhorizontally between sexually isolated
taxa. Furthermore, terminally truncated P-element derivatives
lacking the 5′ and 3′ noncoding sequences and the fourth exon
have been detected in two different Drosophila lineages [5,6]. It
is assumed that these P-element derivatives originated as
suppressors of transposition but have since acquired a new
function in their respective host genomes, a phenomenon that has
been described as “molecular domestication” [5].P-homologous
sequences are not restricted to Diptera but are widespread in
vertebrate genomes [7,8]. They have been found in almost all
species examined so far, but are only rudimentary in rodents. In
chicken and higher vertebrates, the domesticated P-homologous
sequence, which encodes a protein of unknown function, is
present at orthologous positions, indicating that the domestica-
tion event took place before the divergence ofmammals and birds
about 310 million years ago [8].
In zebrafish (Danio rerio), many P transposons with features
characteristic of DNA transposons such as TIRs and TSDs have
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genome and have been named Pdre elements [8]. The only full-
length P transposon detected so far is located in linkage group 2
(Pdre2). It is 11,149 bp, has 13-bp TIRs (5′-CATACCTGT-
CAAC-3′/5′-GTTGACAGGTATG-3′) and 12-bp STIRs (5′
nucleotides 430–441 of Pdre2; 3′ nucleotides 10,588–10,599 of
Pdre2) and is flanked by a P-transposon-typical 8-bp TSD.
Three terminally truncated Pdre elements (Pdre4, Pdre17, and
Pdre22) and several internally deleted Pdre elements (e.g.,
Pdre1, Pdre3, and Pdre20) have been described. For most
elements, TSDs were detected, supporting a nonautonomous
transposition of these sequences. It was supposed that the termi-
nally deleted elements had lost the ability to transpose owing to
missing Pdre2-specific TIRs and therefore represent immobile
components of the zebrafish genome [8]. By contrast, the
analyzed internally deleted elements have TIRs, hence it follows
that they may have retained their ability to transpose. An open
reading frame (ORF) search and translation product analyses of
the full-length Pdre2 element indicate a transposase gene
consisting of three exons and two introns that encodes a trans-
posase of 932 amino acid residues [8].
In this study, we carried out detailed in silico analyses of 35
Pdre-homologous sequences in zebrafish, which led to the
identification of novel DNA transposons, referred to as demio,
lady, and hexi elements. The demio elements in particular have
had an important role in the evolution of the P elements of
zebrafish. Based on analyses of the demio elements, the inter-
nally deleted Pdre elements, and Pdre2, we conclude that in
addition to creation of a P-homologous stable gene by domes-
tication of a P transposon in the vertebrate lineage [8], the
creation of an autonomous P transposon based on a P-homolo-
gous source gene is also possible. We present a model to explain
the evolutionary origin of Pdre2, Pdre4, Pdre17, and Pdre22
and discuss their genomic organization and mobilization.
Results and discussion
Genomic organization of the terminally deleted Pdre elements
As we have reported previously, 1 complete (Pdre2 (Table
1)), 3 terminally deleted (Pdre4, Pdre17, and Pdre22 (Table 1)),
and at least 50 internally deleted Pdre2-homologous sequences
(e.g., Pdre1, Pdre3, and Pdre20) were detected by a Blast
search [8].Table 1
Pdre2 and the terminally deleted Pdre elements in zebrafish
Name GenBank
Accession No.
Linkage group Position (nt) Length (bp)
Pdre2 BX890548 2 198,423–209,571 11,149
Pdre4 BX890548 4 39,502–47,574 8073
Pdre17 BX324003 17 50,600–56,664 6065
Pdre22 CR388079 22 12,552–27,583 15,032
Pdre22 CR384108 22 38,954–58,311 19,358
GenBank Accession Nos. CR388079 and CR384108 represent the same
genomic site.Pdre4 is 8073 bp and corresponds to the Pdre2 region from
position 434 to position 9137; thus, the 5′ breakpoint is located
in the 5′ STIR of Pdre2. Pdre17 is 6065 bp and corresponds to
the Pdre2 sequence from position 2994 to position 9137. The
Pdre2-homologous regions of Pdre4 and Pdre17 are followed
by a stretch of 3229 bp (in Pdre4) or 3230 bp (in Pdre17),
which are unrelated to Pdre2 and nearly identical, indicating a
close relationship between Pdre4 and Pdre17 (Fig. 3). Pdre22
is located on chromosome 22 [9] and represents the most com-
plex terminally deleted Pdre element found in zebrafish so far:
the Pdre2-homologous region is interrupted and partially subs-
tituted by different mobile elements. To date, two Pdre22-
related GenBank entries are available, which were obtained
from different clones but represent homologous chromosomal
regions: The Pdre2-homologous sequence of the first clone is
15,032 bp, whereas the Pdre2-homologous region of the other
clone is 19,358 bp. The variation in length is caused by the de
novo insertion of a long terminal repeat (LTR) retrotransposon
and by 3′ truncation of an inserted DNA transposon (hexi
element) in the Pdre22 sequence of the second clone and
differences in the numbers of TAGA and TA repeats. The
genomic organization of Pdre22, which is represented by
GenBank Accession No. CR384108, is described below, ana-
lyses of which led to the identification of three newly described
transposable elements: demio, hexi, and lady (Table 2).
Relationship between the demio elements and the HATN9_DR
elements
Pdre22 is 19,358 bp and its outermost ends (5′ and 3′
breakpoints) are located in regions corresponding to the 12-bp
STIRs of Pdre2 (5′-TGTTTAAACCAA-3′/5′-TTGGT-
TTAAACA-3′), creating 3-bp TIRs (5′-CAA-3′/5′-TTG-3′)
that are flanked by an 8-bp duplication (5′-ATCTACAT-3′)
(Fig. 1). These structures indicate that the identification of
Pdre22 as a terminally deleted P-homologous transposon was
misleading [8]. In fact, during a Blast search for internally
deleted Pdre elements, a Pdre2-homologous region located in
linkage group 18 was found. Its outermost ends consist of
sequences corresponding to the STIRs of Pdre2. Closer exa-
mination of this particular sequence revealed that its ends are
composed of the aforementioned 3-bp TIRs (5′-CAA-3′/5′-
TTG-3′) flanked by an 8-bp TSD (5′-GTTTTTTA-3′). The
entire sequence has a length of 1054 bp and was used for further
Blast screening, leading to the identification of many almost
identical copies of a 1054-bp-long nonautonomous DNA
transposon distributed throughout the zebrafish genome. Ana-
lysis with Repbase Update [10] identified this element as a
member of the hAT superfamily, namely HATN9_DR [11].
Kapitonov and Jurka stated that the zebrafish genome contains
about 500 copies of highly active HATN9_DR elements. The
search for autonomous and thus more extended HATN9_DR
elements led to the identification of a second class of non-
autonomous DNA transposons: demio elements. At least 100
copies of these considerably longer elements that have not been
previously described could be identified and 14 were investi-
gated in more detail (selected examples are shown in Table 3).
Table 2
Features of DNA transposon families correlated with P-homologous sequences
in zebrafish
Name TIRs (bp) TSDs (bp) Length (bp, approx) Copy number
Demio 3 8 2150 >100
Hexi 11 2 4000 >50
Lady 16 8 1000 >20
Int. del. Pdre 13 8 900 >100
Int. del., internally deleted.
Table 3
Examples of HATN9_DR elements and demio elements in zebrafish
GenBank
Accession No.
Linkage
group
Position (nt) Length
(bp)
TSD
(5′ → 3′)
BX530089 a 3 45,643–46,696 1054 GTCGCAAC
BX005413 a 6 5,487–4,434 1054 GTGGCTAT
AL954357 a 8 175,574–174,521 1054 ATCTAAAC
CR628394b 19 105,287–107,431 2145 CCTGGGAC
BX572081 b 11 51,748–49,601 2148 GTCCATTC
BX255931 b 22 90,147–92,292 2146 CTTGATAC
a Selected HATN9_DR elements [11].
b Selected demio elements newly described in this paper.
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HATN9_DR-specific TIRs as well as intact 8-bp TSDs. The
1054-bp HATN9_DR elements can be considered copies of an
internally deleted demio element (Fig. 2A). The breakpoints to
create the HATN9_DR elements are located approximately
800 bp downstream of the 5′ end and about 230 bp upstream of
the 3′ end. Alternatively, the demio elements could be the
descendents of a composite transposon that originated owing to
the insertion of a mobile sequence into a HATN9_DR element
(Fig. 2B). In this case, the entry of the foreign insertion se-
quence occurred between positions 822 and 823 of theFig. 1. Schematic representation of the genome organization of (A) Pdre22 and (B) P
represent the DNA of Pdre22 (19,358 bp). The Pdre2-homologous region (white bo
gray boxes indicate the demio element flanks, the medium gray boxes show the hexi e
whereas the lighter gray boxes indicate the LTR retrotransposon (inserted in the hex
Pdre2 (11,149 bp). The black boxes indicate sequences obtained from an internally d
the lighter gray box represents the DNA-2-3_DR element located in the P-homologo
exons (eda) and the putative introns (ida). (C) The box represents the DNA of an in
terminal inverted repeat; STIR, subterminal inverted repeat; PS, palindromic sequenHATN9_DR element. The ends of the deleted or inserted se-
quence are composed of a short TIR (5′-ACT-3′/5′-AGT-3′).
However, no TSDs were observed flanking the putative inserted
sequence, thus it appears that the internal deletion of a demio
element is the more likely scenario. Sequence-divergence
analysis of the Pdre-uncorrelated HATN9_DR copies and the
demio elements revealed 99.0–99.9% (HATN9_DR) and
92.5–99.5% (demio) sequence identity. Together with thedre2 and of (C) an internally deleted Pdre element in zebrafish. (A) The boxes
x) is interrupted and partially substituted by different mobile elements. The dark
lement (8927 bp, including the inserted retroelement) and lady element (924 bp),
i element) and the DNA-2-3_DR element. (B) The boxes represent the DNA of
eleted Pdre element. The dark gray boxes indicate the demio element flanks and
us gene. The bracket indicates the P-homologous gene comprising the putative
ternally deleted Pdre element (about 800 bp). TSD, target site duplication; TIR,
ce.
Fig. 2. Relationship between the demio elements and the HATN9_DR elements.
(A) Proposed creation of the HATN9_DR elements by deletion of the internal
region of a demio element. The breakpoints to create the HATN9_DR element
are located approximately 800 bp downstream of the 5′ end and about 230 bp
upstream of the 3′ end, as indicated by the arrows. (B) Proposed creation of the
demio elements by insertion of a foreign sequence into HATN9_DR elements.
The entry site of the unknown sequence is located between nucleotides 822 and
823 of the HATN9_DR element, as marked by the arrow. A detailed description
of the element-specific color codes and the other features is given in the boxed
legend.
Table 4
Examples of hexi elements in zebrafish
GenBank
Accession No.
Linkage
group
Position (nt) Length
(bp)
TSD
(5′→3′)
Special
features
BX248397 a 18 21,572–17,144 4429 Not
conserved
Insertion
CR318673 b 14 153,692–163,233 9542 TA Insertion
BX324158 c 14 79,912–86,084 6173 TA Insertion
BX649333 d 4 107,895–97,855 10,041 TA Insertion
CR384108 e 22 39,453–48,369 8927 TA (Pdre-
correlated)
3′
truncated;
insertion
CR388079 22 13,051–17,389 4339 TA (Pdre-
correlated)
BX571813 f 3 83,569–89,569 5658 Not
conserved
Insertion
BX000981 f 14 19,177–12,257 6921 TA Insertion
GenBank Accession Nos. CR384108 and CR388079 represent the same
genomic site.
a Inserted truncated DNA transposon shows 80% homology to TDR19 [32].
b Inserted DNA2-1_DR (100% homology) [33].
c Inserted DNA transposon shows 84% homology to DNAX-1_DR [34].
d Insertion of a DIRS1-like retrotransposon [35].
e Insertion of a LTR retrotransposon, which has a length of 5020 bp and
comprises nucleotides 3363–8382 of Pdre22. The LTRs are 385 bp long and
the only ORF is found on the minus strand (4401 bp, start nucleotide 7830, stop
nucleotide 3429) and encodes a protein of 1467 amino acid residues that
contains an integrase domain and a reverse transcriptase domain. The DNA
sequence from position 3709 to 7641, comprising the coding sequence, has
69% similarity to the internal region of GYPSYDR1 [12].
f Insertion of undefined DNA transposons.
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servation indicates recent mobility of HATN9_DR as well as
of the demio elements. As we show in this study, the demio
elements have had an important role in the evolution of the P
elements of zebrafish.
Genomic organization of the hexi elements
The 5′ sequence of Pdre22 comprises the Pdre2 region of
nucleotides 439–936. The adjacent downstream region of
Pdre22 is composed of another newly described nonautonomous
DNA transposon referred to as a hexi element. Its insertion site is
located in a region corresponding to the first intron (ida1) of
Pdre2 (Fig. 1). One feature of the nonautonomous hexi element
located in Pdre22 is an inserted LTR retroelement homologous
toGYPSYDR1 [12]. This retroelement is found in only one of the
two available corresponding clones, which identifies it as a de
novo insertion.
The analyses of additional hexi copies revealed that hexi
elements represent a preferred target for other transposable ele-
ments, providing further examples of nested transposon assem-blages [13,14]. In Pdre22, corresponding to GenBank
Accession No. CR383108, the hexi element is 3′ truncated and
has a length of 3907 bp, excluding the retroelement sequence but
including the TSDs of the inserted retroelement. Blast screening
revealed about 50 Pdre-uncorrelated hexi-like elements in the
zebrafish genome, 17 of which were analyzed in detail (selected
examples are shown in Table 4). They have a length of several
kilobases (about 4 kb without insertion sequences), terminating
in 11-bp TIRs (5′-CACTCTCAAAA-3′/5′-TTTTGAGAGTG-
3′), and are flanked by 2-bp TSDs, typically a TA dinucleotide.
The preference of TA as the target for insertion is similar to that
of members of the Tc1/mariner family of transposable elements
[15], but translation product analyses and UCSC Genome
Browser searches [9] provided no indication of a close
relationship between hexi elements and Tc1/mariner elements.
Repbase analyses revealed that (with the exception of three
probably internally deleted elements between 900 and 1100 bp)
all analyzed elements contain an inserted HE1_DR1-like
(sequence identity of 79–84%) and a SINE_SM-like (sequence
identity of 71–79%) short interspersed repetitive element
(SINE) [16–19]. Thus, hexi elements represent composite
transposons, which have been mobile despite the insertion of
those SINEs. Six of the analyzed copies contain insertion
sequences, either retrotransposons or DNA transposons (Table
4). UCSC Genome Browser searches [9] showed partial
zebrafish cDNA sequences to be homologous to hexi elements
(e.g., Accession No. CK693081), indicating the existence of a
hexi-specific transposase. Unfortunately, despite extensive
Table 5
Examples of lady elements in zebrafish
GenBank
Accession
No.
Linkage
group
Position (nt) Length
(bp)
TSD a
(5′→3′)
TIR
BX663607 b 6 9675–12,229 2555 GTGTACTG 5′: one
substitution
G/A
CTGTACTG
BX470200 4 29,293–30,254 962 CTTTAAGT
BX469933 4 138,261–137,359 903 TTATAGAC
CR384108 22 50,441–51,364 924 CTTTAGGA Pdre-
correlatedCTTTAGGG
CR388079 22 19,738–20,636 899 CTTTAGGA Pdre-
correlatedCTTTAGGG
GenBank Accession Nos. CR384108 and CR388079 represent the same
genomic site.
a In all analyzed lady elements the central 2 bp of the 8-bp TSDs are a TA
dinucleotide.
b Including a 1581-bp-long Tc1-like element with striking homology (81%
nucleotide identity over 1473 bp) to Xeminos from Xenopus tropicalis [23]
(GenBank Accession No. AJ810415).
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Sequence-divergence analysis of eight Pdre-unrelated genomic
copies of similar length and without insertion sequences, other
than the aforementioned SINEs, revealed a sequence identity
ranging from 95.5 to 99.0%.
Characterization of the lady elements
The regions corresponding to position 937 to 1216 and
position 1779 to 1954 of the Pdre2 sequence are absent from
Pdre22. Analysis of the downstream region revealed two
additional interesting features. First, the sequence corresponding
to Pdre2 from position 1934 to 3097 shows similarities to DNA-
2-3_DR (about 80% identity), a further family of nonautono-
mous DNA transposons from zebrafish [21]. This sequence can
be found in Pdre2 as well as in Pdre4, Pdre17, and Pdre22,
proving that it existed in a common ancestor (Fig. 3). The second
feature is a nonautonomous DNA composite transposon referred
to as a lady element. It is inserted within the region corres-
ponding to the second intron (ida2) of Pdre2 and comprises the
Pdre22 region of nucleotides 11,489–12,412. About 50 copies
were detected within the zebrafish genome. They have 16-bp
TIRs (5′-CAGGGGTGTCCAAACT-3′/5′-AGTTTGGA-
CACGCCTG-3′) and an 8-bp TSD. Screening the Repbase
database with a lady element showed that it represents a
composite DNA transposon. One hundred ninety-nine base pairs
of the 5′ end and 185 bp of the 3′ end have an average homology
of 91.5% to the border regions of the 944-bp-long HATN16_DR
[21], whereas the central region is estimated to have a 92%
homology to TDR18 [22]. Twenty-one genomic copies of the
lady elements were analyzed in more detail (selected examples
are shown in Table 5) showing that, in contrast to HATN16_DR
elements, the TIRs of all analyzed lady elements display one
mismatch between the left and the right TIR. Thus, ladyFig. 3. Proposed model of the evolutionary origin of Pdre4, Pdre17, Pdre22, and P
element, was created by integration of a P-homologous gene into a demio element
leading to their common 3′ tails, whereas the accumulation of numerous transposon
sequence”-like element into the palindromic target sequence of an internally deleted
other features is given in the boxed legend. tn, transposon; int. del. (i.d.), internallyelements have been mobile despite this mismatch. The lady
element in linkage group 6 has a length of 2555 bp and was
detected during the search for an autonomous and therefore more
extended lady-like sequence (Table 5). Closer examination of
this particular copy revealed the insertion of a nonautonomous
Tc1-like transposon into a lady element [23].
Sequence-divergence analysis of 20 Pdre-unrelated genomic
copies of the lady elements revealed sequence identity of 92.4–
98.8%. The differences in length as well as the main portion of
sequence divergence are likely to be mostly due to different
numbers of TAGA, CAGA, and TA repeats in the central region
of the analyzed elements. Although the conserved TIRs and
TSDs indicate recent mobility, neither an EST sequence nor andre2 in zebrafish. A precursor sequence, already containing the DNA-2-3_DR
. Pdre4 and Pdre17 were created by sequence rearrangements and truncation,
insertion events led to Pdre22. Pdre2 resulted from the insertion of a “precursor
Pdre element. A detailed description of the element-specific color codes and the
deleted.
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databases.
The internally deleted Pdre elements
Blast searches using the complete element Pdre2 as a query
sequence revealed more than 100 copies of internally deleted
Pdre2-homologous elements distributed throughout the zebra-
fish genome (Table 2). They consist of sequences that are
localized upstream and downstream of the STIRs of Pdre2 and
do not have STIRs of their own (Fig. 1). Repbase screening
using the internally deleted element Pdre1 [8] as a query
sequence did not give any positive results, confirming that they
had not been detected before [8]. Thirty-two internally deleted
Pdre elements were analyzed in more detail and classified into
five main groups (selected examples are shown in Table 6). Six
elements have intact TIRs and conserved TSDs, indicating that
they were mobilized recently. Four have intact TIRs but
substitutions within the TSDs. In 9 elements, substitutions
were found within the TIRs but the TSDs remained intact. The
fourth group comprises 6 elements with perfectly conserved
TIRs but absent TSDs. In addition, another 6 elements are
lacking the TSDs and their TIRs are highly mutated. The Pdre
element in linkage group 20 contains a 1790-bp DNA-trans-
poson insertion (Table 6). A common feature of all internally
deleted Pdre elements found so far is the location of the
breakpoints within the 5′ and 3′ STIRs of Pdre2. The se-
quence similarity between the analyzed internally deleted Pdre
copies—excluding the insert-containing one—varies between
86.3 and 99.9%.
The evolutionary origin of Pdre2, Pdre4, Pdre17, and Pdre22
We have previously described Pdre2 as a Drosophila P-
element-homologous autonomous transposable element and
Pdre4, Pdre17, and Pdre22 as terminally deleted and thus stable
components of the zebrafish genome [8]. Based on the results of
this study, we propose the following hypothesis for the
evolutionary origin of Pdre2 and the terminally truncated Pdre
elements (Fig. 3). The common ancestor (“precursor sequence”)Table 6
Selected examples of internally deleted Pdre elements newly described in
zebrafish
GenBank
Accession
No.
Linkage
group
Position
(nt)
Length
(bp)
TSD
(5′→3′)
TIR
BX569778 1 20,912–19,980 933 CTCTCTCC Conserved
BX649515 3 139,902–138,920 983 One
substitution
Conserved
AL929078 3 95,952–96,777 826 CATCCAAC 5′: T/C
BX296538 25 133,298–133,936 639 None Conserved
AL844883 18 137,876–138,625 750 None Highly
mutated
CR545462 a 20 15,415–17,915 2500 GGTTAAAC Conserved
a Insertion of a nondefined nonautonomous DNA transposon of 1790 bp with
2-bp TIRs (5′-CA-3′/5′-TG-3′) and 8-bp TSDs. 2-bp TIRs and 8-bp TSDs are
highly conserved features of this transposon family.of Pdre2 and the terminally deleted elements, which already
contained the DNA transposon DNA-2-3_DR [20], was created
by integration of a P-element-homologous gene into a trans-
posable element, referred to as a demio element in this paper.
The integration could have occurred either by the insertion of an
autonomous P-homologous element into an internally deleted
demio element or by recombination between the P-homologous
donor sequence and a demio element (Fig. 3). Thus, the inte-
grated P-homologous sequence may have been a transposable
element or a stable genomic sequence. Both scenarios would
have resulted in a P-homologous gene flanked by demio-like
sequences. On the condition that the aforementioned precursor
sequence retained only the flanking regions of the demio
element like its recent descendents Pdre2, Pdre4, and Pdre22,
we consider creation by a recombination event more likely.
We hypothesize that Pdre4, Pdre17, and Pdre22 originated
directly from the precursor sequence with demio-like flanking
sequences. Pdre4 and Pdre17 are closely related, as shown by
the high sequence similarity of their 3′ regions (3229 bp in
Pdre4 and 3230 bp in Pdre17). Pdre4 retained its 5′ TIR,
whereas Pdre17 is 5′ truncated, and 3′ TIRs could not be
identified in either Pdre4 or Pdre17. In contrast to Pdre4 and
Pdre17, Pdre22 has retained both TIRs but accumulated several
transposon insertions, resulting in its remarkable length of
19,358 bp. Although the transposon insertions of Pdre22
occurred within intron regions, all three elements have lost
their coding capacity owing to several mutation events, mainly
deletions and nonsense mutations within their former respective
coding regions. Nevertheless, it is possible that Pdre22 was
transposed recently using the putative transposase encoded by
Pdre2 or another transposase source not yet identified. Evidence
for recent trans-activation is provided by the conserved TSDs
(5′-ATCTACAT-3′) flanking Pdre22. By contrast, Pdre4 and
Pdre17 lack the features necessary for mobilization.
To explain the creation of Pdre2, an additional step has to be
proposed by which the P-homologous precursor sequence,
containing the demio-like border regions, was inserted into
another DNA transposon, referred to here and in our previous
paper [8] as an internally deleted Pdre element (Fig. 3). Insertion
into a palindromic sequence (5′-GTTTAAAC-3′), which is
conserved in most of the internally deleted Pdre elements
analyzed, created the 12-bp STIRs (5′-TGTTTAAAC/CAA-3′/
5′-TTG/GTTTAAACA-3′) of Pdre2 (Figs. 1 and 3). Conse-
quently, the internally deleted Pdre copies would represent an
independent transposon family but for convenience they will be
referred to as internally deleted Pdre elements. Considering the
internally deleted Pdre elements as an independent transposon
family is supported by the absence of internally deleted Pdre
elements partially overlapping the internal region of Pdre2
(between the STIRs). The 5′ homology between Pdre2 and the
internally deleted Pdre elements ends at the proposed target site
(5′-GTTTAAAC-3′) for insertion of the autonomous element to
create Pdre2, and the 3′ homology starts after the presumed
TSD. Thus, according to the data in this study, the opposite
scenario, namely creation of the internally deletedPdre elements
by internal deletions from more complex P-homologous se-
quences, is unlikely.
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Possible transposase sequences could be identified only for
the hexi elements, although none of the accessible hexi copies
represents an autonomous element. By contrast, there are no
hints that demio, lady, and internally deleted Pdre elements are
expressed, raising the question of whether there are element-
specific transposase sources not yet identified. It is striking that
the transposition of demio, lady, and Pdre elements creates 8-bp
TSDs as 8-bp TSDs are typical of P elements of flies [24,25] and
of the hAT superfamily, members of which are commonly found
in plants, fungi, animals, and humans [26]. The outermost ends
of their TIRs are composed of the dinucleotides CA and TG at
the 5′ and 3′ ends, respectively. Although there are some exam-
ples of hATelements with a CA dinucleotide at their 5′ end and a
TG dinucleotide at their 3′ end (e.g., the human Charlie ele-
ments [27]), it is striking that this is a common characteristic of
all P-element-related transposons found so far. Thus, it can be
speculated that demio, lady, and Pdre elements could have been
mobilized in trans by a P-homologous transposase encoded by
Pdre2 [8] or by another P-homologous transposase source not
yet identified.
Conclusions
Two hypotheses can explain the existence of active P trans-
posons and stationary P-transposon-derived sequences: The
domestication hypothesis considers the stationary sequences as
degenerated transposons, whereas the source gene hypothesis
presents an evolutionary scenario in which active P transpo-
sons are direct descendants of an ancient source gene that gave
rise to a transposon by acquisition of terminal inverted repeats.
Our results from the zebrafish analyses indicate that both
scenarios are possible, but the transpositionally active precursor
sequence of the complex Pdre elements probably evolved
according to the source gene hypothesis. Two of its recent
descendents represent immobile variants and since immobiliza-
tion can be considered a requirement for a domestication event
leading to a beneficial host gene, the zebrafish data also support
the domestication hypothesis. Hence, both events—the activa-
tion of a source gene and the domestication of a transposon—
are possible and reflect different stages of the P-element life
cycle.
Materials and methods
To characterize further the genome organization of Drosophila P-
homologous Pdre elements in zebrafish [8], genome-wide in silico analyses
were carried out. Blast searches were performed before December 2005 using
Mega Blast (Blast N 2.2.11 Jun-05-2005) applied to the database of the whole
zebrafish genome (http://vega.sanger.ac.uk/Danio_rerio/blastview [28,29]) and
the USCS Genome Browser (http://genome.ucsc.edu/ [9]). Detected transpo-
sable elements in zebrafish were screened with Repbase Update (http://www.
girinst.org/repbase/index.html [10]), which is the most commonly used
database of repetitive DNA elements. Identified transposable element
sequences were aligned with the program ClustalX [30]. Sequence-homology
analysis was conducted with PAUP*4.0b10 [31] by calculating uncorrected p
distances for the respective data sets. Translation product analyses were carried
out for all six reading frames with the NCBI conserved domain search [19],allowing the detection of conserved domains even within destroyed reading
frames.
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